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P
ro

g
ram

 D
esig

n

 

1.

 

P
ro

b
lem

 statem
en

t an
d

 

 

req
u

irem
en

ts

 

:

 

W
hat is the problem

?

 

2. 

 

S
p

ecifi
catio

n

 

:

 

D
etailed description of 

 

w
h

at

 

 the system
 does instead of 

 

how

 

.

 

3. 

 

D
esig

n

 

:

 

E
xplore design space (like “back of the envelope” calculations), 

identify algorithm
s and key 

 

in
terfaces

 

4. 

 

P
ro

g
ram

m
in

g

 

:

 

Im
plem

ent it in the 

 

sim
p

lest

 

 possible w
ay; use libraries

 

5. 

 

Testin
g

 

:

 

D
ebug and test until the im

plem
entation is 

 

co
rrect

 

6. 

 

Iterate

 

:

 

D
o the design and im

plem
entation 

 

co
n

fo
rm

 

 to the 

 

sp
ecifi

catio
n

 

?
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S
tep

w
ise R

efi
n

em
en

t

 

•

 

Top-dow
n design

starts w
ith a 

 

h
ig

h
-level ab

stract

 

 solution

 

refi
n

es

 

 it repeatedly by successive transform
ations to low

er-level solutions

refinem
ent ends at program

m
ing language statem

ents

 

•

 

K
ey idea: each refinem

ent or 

 

elab
o

ratio
n

 

m
ust be 

 

sm
all,

 

 an
d

 

 

co
rrect

 

m
ust m

ove tow
ard final solution

 

•

 

A
ccom

pany refinem
ents w

ith 

 

assertio
n

s

 

 to help ensure 

 

co
rrectn

ess

 

•

 

R
efinem

ents use E
nglish and pseudocode, but ultim

ately result in 

 

co
d

e

 

:
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E
xam

p
le: H

o
w

 M
any L

ib
rary B

o
o

ks are N
ever U

sed
?

 

1.P
ro

b
lem

 statem
en

t:

 

T
he circulation file has a line of author&

 title for each checked out book.

N
eed a program

 to answ
er how

 m
any books circulate in a year

 

2. S
p

ecifi
catio

n
:

 

u
n
i
q
u
e
 

 

reads its standard input and prints the num
ber of distinct (non-redundant) 

lines on the standard output

 

3. D
esig

n
: h

o
w

 m
any u

n
iq

u
e lin

es are in
 a typ

ical circu
latio

n
 fi

le?

 

top-dow
n design

 

<u
n

iq
u

e> 

  

<fo
r each

 lin
e o

f in
p

u
t>

<ad
d

 th
e lin

e to
 th

e set o
f strin

g
s>

<co
u

n
t h

o
w

 m
any lin

es are in
 th

e set>
<p

rin
t th

e o
u

tp
u

t>

 

4. P
ro

g
ram

m
in

g
: m

ake fo
rw

ard
 p

ro
g

ress by elab
o

ratin
g

 ch
u

n
ks

 

<co
u

n
t h

ow
 m

any lin
es in

 th
e set> 

  

c
o
u
n
t
 
=
 
0
;

 

<fo
r each

 elem
en

t o
f th

e set>

 

c
o
u
n
t
+
+
;
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W
h

at M
o

d
u

les?

 

•

 

A
D

T
s: sets of strings

 

•

 

M
odules:

 

m
a
i
n
.
c

 

handle com
m

and-line argum
ents (if any) and top-level loops

 

<u
n

iq
u

e> 

  

<in
clu

d
es>

<d
efi

n
es>

 

i
n
t
 
m
a
i
n
(
i
n
t
 
a
r
g
c
,
 
c
h
a
r
 
*
a
r
g
v
[
]
)
 
{

 

<lo
cals>

<fo
r each

 lin
e o

f in
p

u
t>

<ad
d

 th
e lin

e to
 th

e set o
f strin

g
s>

<co
u

n
t h

ow
 m

any lin
es are in

 th
e set>

<p
rin

t th
e o

u
tp

u
t>

 

r
e
t
u
r
n
 
E
X
I
T
_
S
U
C
C
E
S
S
;

}

 

s
t
r
s
e
t
.
h

 

interface for sets of strings

 

s
t
r
s
e
t
.
c

 

initial im
plem

entation of sets of strings

 

•

 

U
se R

C
S

 to
 track ch

an
g

es

 

m
a
i
n
.
c
,
v

s
t
r
s
e
t
.
h
,
v

s
t
r
s
e
t
.
c
,
v
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E
lab

o
ratio

n

 

•

 

D
o the easy chunks first

 

<p
rin

t th
e o

u
tp

u
t> 

  

p
r
i
n
t
f
(
"
%
d
\
n
"
,
 
c
o
u
n
t
)
;

 

<lo
cals> 

  

i
n
t
 
c
o
u
n
t
 
=
 
0
;

 

<in
clu

d
es> 

  

#
i
n
c
l
u
d
e
 
<
s
t
d
i
o
.
h
>

 

•

 

S
om

e elaborations can be done 

 

w
ith

o
u

t

 

 defining the A
D

T
s

 

<fo
r each

 lin
e in

 th
e in

p
u

t> 

  

w
h
i
l
e
 
(
g
e
t
s
(
l
i
n
e
)
)

 

<d
efi

n
es> 

  

#
d
e
f
i
n
e
 
M
A
X
L
I
N
E
 
5
1
2

 

<lo
cals> 

  

c
h
a
r
 
l
i
n
e
[
M
A
X
L
I
N
E
]
;
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A
D

T: S
ets o

f S
trin

g
s

 

s
t
r
s
e
t
.
h
 

 

describes 

 

ab
stract

 

 operations, 

 

n
o

t

 

 im
plem

entation; 

 

w
h

at

 

, not 

 

h
o

w

 

#
i
f
n
d
e
f
 
S
T
R
S
E
T
_
I
N
C
L
U
D
E
D

#
d
e
f
i
n
e
 
S
T
R
S
E
T
_
I
N
C
L
U
D
E
D

#
d
e
f
i
n
e
 
T
 
S
t
r
s
e
t
_
T

t
y
p
e
d
e
f
 
s
t
r
u
c
t
 
T
 
*
T
;

T
 
S
t
r
s
e
t
_
n
e
w
(
v
o
i
d
)
;

/
*
 
a
l
l
o
c
a
t
e
s
 
a
n
d
 
r
e
t
u
r
n
s
 
a
 
n
e
w
,
 
e
m
p
t
y
 
s
e
t
 
*
/

v
o
i
d
 
S
t
r
s
e
t
_
f
r
e
e
(
T
 
*
s
e
t
)
;

/
*
 
d
e
a
l
l
o
c
a
t
e
s
 
*
s
e
t
 
a
n
d
 
i
t
s
 
c
o
n
t
e
n
t
s
,
 
s
e
t
 
*
s
e
t
 
t
o
 
N
U
L
L
 
*
/

v
o
i
d
 
S
t
r
s
e
t
_
a
d
d
(
T
 
s
e
t
,
 
c
h
a
r
 
*
s
t
r
)
;

/
*
 
a
d
d
s
 
s
t
r
 
t
o
 
s
e
t
,
 
i
f
 
s
t
r
 
i
s
 
n
o
t
 
a
l
r
e
a
d
y
 
i
n
 
s
e
t
 
*
/

v
o
i
d
 
S
t
r
s
e
t
_
d
e
l
e
t
e
(
T
 
s
e
t
,
 
c
h
a
r
 
*
s
t
r
)
;

/
*
 
r
e
m
o
v
e
s
 
s
t
r
 
f
r
o
m
 
s
e
t
,
 
i
f
 
s
t
r
 
i
s
 
i
n
 
s
e
t
 
*
/

i
n
t
 
S
t
r
s
e
t
_
m
e
m
b
e
r
(
T
 
s
e
t
,
 
c
h
a
r
 
*
s
t
r
)
;
 

/
*
 
r
e
t
u
r
n
s
 
1
 
i
f
 
s
t
r
 
i
s
 
i
n
 
s
e
t
,
 
e
l
s
e
 
0
 
*
/

 

v
o
i
d
 
S
t
r
s
e
t
_
f
o
r
e
a
c
h
(
T
 
s
e
t
,
 

 

v
o
i
d
 
a
p
p
l
y
(
c
h
a
r
 
*
s
t
r
,
 
v
o
i
d
 
*
c
l
)
,
 
v
o
i
d
 
*
c
l

 

)
;

/
*
 
e
x
e
c
u
t
e
s
 
a
p
p
l
y
(
s
,
 
c
l
)
 
f
o
r
 
e
a
c
h
 
s
t
r
i
n
g
 
s
 
i
n
 
s
e
t
 
*
/

/
*
 
I
t
 
i
s
 
a
 

 

c
h
e
c
k
e
d
 
r
u
n
t
i
m
e
 
e
r
r
o
r

 

 
t
o
 
p
a
s
s
 
a
 
N
U
L
L
 
T
,
 
*
T
,
 
c
h
a
r
*
,
 
o
r
 
a
p
p
l
y
 

t
o
 
a
n
y
 
f
u
n
c
t
i
o
n
 
i
n
 
t
h
i
s
 
i
n
t
e
r
f
a
c
e
.
 
*
/

 

#
u
n
d
e
f
 
T

 

#
e
n
d
i
f
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E
lab

o
ratio

n
, co

n
t’d

 

•

 

A
D

T
 interface gives enough inform

ation to finish the client,

 

 
m
a
i
n
.
c

 

<lo
cals> 

  

S
t
r
s
e
t
_
T
 
s
e
t
 
=
 
S
t
r
s
e
t
_
n
e
w
(
)
;

 

<in
clu

d
es> 

  

#
i
n
c
l
u
d
e
 
"
s
t
r
s
e
t
.
h
"

 

<ad
d

 th
e lin

e to
 th

e set o
f strin

g
s> 

  

S
t
r
s
e
t
_
a
d
d
(
s
e
t
,
 
l
i
n
e
)
;

 

<co
u

n
t h

o
w

 m
any lin

es are in
 th

e set > 

  

S
t
r
s
e
t
_
f
o
r
e
a
c
h
(
s
e
t
,
 
c
a
r
d
i
n
a
l
i
t
y
,
 
&
c
o
u
n
t
)
;

s
t
a
t
i
c
 
v
o
i
d
 
c
a
r
d
i
n
a
l
i
t
y
(
c
h
a
r
 
*
s
t
r
,
 
v
o
i
d
 
*
c
l
)
 
{

i
n
t
 
*
p
 
=
 
c
l
;

(
*
p
)
+
+
;

/
*
 
o
r
 

 

(
*
(
i
n
t
 
*
)
c
l
)
+
+
;

 

 
*
/

}

 

•

 

Im
plem

ent clients of A
D

T
s 

 

b
efo

re

 

 the A
D

T
s them

selves; helps 

 

exp
o

se

 

 
design 

 

in
ad

eq
u

acies
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S
trset

 

•

 

Initial im
plem

entation can be 

 

sim
p

le

 

; it m
ight suffice ...

 

•

 

Im
plem

entation 

 

reveals

 

 the innards of the 

 

o
p

aq
u

e

 

 type: a list of strings

 

#
i
n
c
l
u
d
e
 
"
s
t
r
s
e
t
.
h
"

#
d
e
f
i
n
e
 
T
 
S
t
r
s
e
t
_
T

s
t
r
u
c
t
 
T
 
{

T
 
n
e
x
t
;

c
h
a
r
 
s
t
r
[

 

1

 

]
;

}
;

 

•

 

S
t
r
s
e
t
_
n
e
w
 

 

allocates a new
 header node

 

T
 
S
t
r
s
e
t
_
n
e
w
(
v
o
i
d
)
 
{

T
 
s
e
t
 
=
 
c
a
l
l
o
c
(
1
,
 
s
i
z
e
o
f
 
*
s
e
t
)
;

a
s
s
e
r
t
(
s
e
t
)
;

r
e
t
u
r
n
 
s
e
t
;

}

 

O
K

 during developm
ent and in C

O
S

 217, but not in production program
s
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In
itial Im

p
lem

en
tatio

n
 o

f S
trset

 

•

 

F
or now

, im
plem

ent only enough of the A
D

T
 to test

 

 
u
n
i
q
u
e

 

v
o
i
d
 
S
t
r
s
e
t
_
a
d
d
(
T
 
s
e
t
,
 
c
h
a
r
 
*
s
t
r
)
 
{

T
 
p
 
=
 
s
e
t
;

a
s
s
e
r
t
(
s
e
t
)
;

a
s
s
e
r
t
(
s
t
r
)
;

w
h
i
l
e
 
(

 

(
p
 
=
 
p
-
>
n
e
x
t
)
 
!
=
 
N
U
L
L

 

)
i
f
 
(
s
t
r
c
m
p
(
s
t
r
,
 
p
-
>
s
t
r
)
 
=
=
 
0
)

r
e
t
u
r
n
;

 

p
 
=
 
m
a
l
l
o
c
(
s
i
z
e
o
f
 
*
p
 
+
 
s
t
r
l
e
n
(
s
t
r
)
)
;

 

a
s
s
e
r
t
(
p
)
;

s
t
r
c
p
y
(
p
-
>
s
t
r
,
 
s
t
r
)
;

p
-
>
n
e
x
t
 
=
 
s
e
t
-
>
n
e
x
t
;

s
e
t
-
>
n
e
x
t
 
=
 
p
;

}v
o
i
d
 
S
t
r
s
e
t
_
f
o
r
e
a
c
h
(
T
 
s
e
t
,
 
v
o
i
d
 
a
p
p
l
y
(
c
h
a
r
 
*
s
t
r
,
 
v
o
i
d
 
*
c
l
)
,
 

v
o
i
d
 
*
c
l
)
 
{

a
s
s
e
r
t
(
s
e
t
)
;

a
s
s
e
r
t
(
a
p
p
l
y
)
;

w
h
i
l
e
 
(

 

(
s
e
t
 
=
 
s
e
t
-
>
n
e
x
t
)
 
!
=
 
N
U
L
L

 

)
a
p
p
l
y
(
s
e
t
-
>
s
t
r
,
 
c
l
)
;

}
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Testin
g

 

5. Testin
g

:

 

 
u
n
i
q
u
e
 

 

w
o

rks, bu
t ru

n
s to

o
 slow

ly o
n

 

 

larg
e

 

 in
p

u
ts; w

hy?

 

 im
prove 

 

s
t
r
s
e
t

 

’s im
plem

entation; don’t change its interface

 

•

 

S
olution: use a 

 

h
ash

 tab
le

 

 to represent a set of strings

 

a set is a pointer to an array of 

 

T
A
B
L
E
S
I
Z
E

 

 linked lists
crunch the string into an integer

 

 
h

 

let

 

 
i
 
=
 
h
%
T
A
B
L
E
S
I
Z
E

 

search the 

 

i

 

th linked list for the string, or
add the string to the head of the 

 

i

 

th list
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B
etter Im

p
lem

en
tatio

n
 o

f S
trset

 

#
i
n
c
l
u
d
e
 
<
a
s
s
e
r
t
.
h
>

#
i
n
c
l
u
d
e
 
<
s
t
d
l
i
b
.
h
>

#
i
n
c
l
u
d
e
 
<
s
t
r
i
n
g
.
h
>

#
i
n
c
l
u
d
e
 
"
s
t
r
s
e
t
.
h
"

#
d
e
f
i
n
e
 
T
 
S
t
r
s
e
t
_
T

#
d
e
f
i
n
e
 
T
A
B
L
E
S
I
Z
E
 
9
7

s
t
r
u
c
t
 
T
 
{

s
t
r
u
c
t
 
e
l
e
m
 
{

s
t
r
u
c
t
 
e
l
e
m
 
*
n
e
x
t
;

c
h
a
r
 
s
t
r
[
1
]
;

}
 
*
t
a
b
l
e
[
T
A
B
L
E
S
I
Z
E
]
;

}
;

v
o
i
d
 
S
t
r
s
e
t
_
f
r
e
e
(
T
 
*
s
e
t
)
 
{

i
n
t
 
i
;

a
s
s
e
r
t
(
s
e
t
 
&
&
 
*
s
e
t
)
;

f
o
r
 
(
i
 
=
 
0
;
 
i
 
<
 
T
A
B
L
E
S
I
Z
E
;
 
i
+
+
)
 
{

s
t
r
u
c
t
 
e
l
e
m
 
*
p
,
 
*
q
;

f
o
r
 
(
p
 
=
 
(
*
s
e
t
)
-
>
t
a
b
l
e
[
i
]
;
 
p
;
 
p
 
=
 
q
)
 
{

q
 
=
 
p
-
>
n
e
x
t
;

f
r
e
e
(
p
)
;

}
}f
r
e
e
(
*
s
e
t
)
;

*
s
e
t
 
=
 
N
U
L
L
;

}
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B
etter Im

p
lem

en
tatio

n
 o

f S
trset, co

n
t’d

 

s
t
a
t
i
c
 
u
n
s
i
g
n
e
d
 
h
a
s
h
(
c
h
a
r
 
*
s
t
r
)
 
{

u
n
s
i
g
n
e
d
 
h
 
=
 
0
;

w
h
i
l
e
 
(
*
s
t
r
)

h
 
=
 
(
h
<
<
1
)
 
+
 
*
s
t
r
+
+
;

r
e
t
u
r
n
 
h
;

}v
o
i
d
 
S
t
r
s
e
t
_
a
d
d
(
T
 
s
e
t
,
 
c
h
a
r
 
*
s
t
r
)
 
{

i
n
t
 
i
;

s
t
r
u
c
t
 
e
l
e
m
 
*
p
;

a
s
s
e
r
t
(
s
e
t
)
;

a
s
s
e
r
t
(
s
t
r
)
;

i
 
=
 
h
a
s
h
(
s
t
r
)
%
T
A
B
L
E
S
I
Z
E
;

f
o
r
 
(
p
 
=
 
s
e
t
-
>
t
a
b
l
e
[
i
]
;
 
p
;
 
p
 
=
 
p
-
>
n
e
x
t
)

i
f
 
(
s
t
r
c
m
p
(
s
t
r
,
 
p
-
>
s
t
r
)
 
=
=
 
0
)

r
e
t
u
r
n
;

p
 
=
 
m
a
l
l
o
c
(
s
i
z
e
o
f
 
*
p
 
+
 
s
t
r
l
e
n
(
s
t
r
)
)
;

a
s
s
e
r
t
(
p
)
;

s
t
r
c
p
y
(
p
-
>
s
t
r
,
 
s
t
r
)
;

p
-
>
n
e
x
t
 
=
 
s
e
t
-
>
t
a
b
l
e
[
i
]
;

s
e
t
-
>
t
a
b
l
e
[
i
]
 
=
 
p
;

}
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B
etter Im

p
lem

en
tatio

n
 o

f S
trset, co

n
t’d

 

v
o
i
d
 
S
t
r
s
e
t
_
f
o
r
e
a
c
h
(
T
 
s
e
t
,
 
v
o
i
d
 
a
p
p
l
y
(
c
h
a
r
 
*
s
t
r
,
 
v
o
i
d
 
*
c
l
)
,
 

v
o
i
d
 
*
c
l
)
 
{

i
n
t
 
i
;

a
s
s
e
r
t
(
s
e
t
)
;

a
s
s
e
r
t
(
a
p
p
l
y
)
;

f
o
r
 
(
i
 
=
 
0
;
 
i
 
<
 
T
A
B
L
E
S
I
Z
E
;
 
i
+
+
)
 
{

s
t
r
u
c
t
 
e
l
e
m
 
*
p
;

f
o
r
 
(
p
 
=
 
s
e
t
-
>
t
a
b
l
e
[
i
]
;
 
p
;
 
p
 
=
 
p
-
>
n
e
x
t
)

a
p
p
l
y
(
p
-
>
s
t
r
,
 
c
l
)
;

}
}

 

•

 

see files in

 

 
s
r
c
/
{
s
t
r
s
e
t
,
u
n
i
q
u
e
}

 

; R
C

S
 files track 

 

all

 

 im
provem

ents
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M
o

re Testin
g

 

•

 

M
o

re

 

 testing

 

test on “typical” inputs

test on 

 

extrem
e

 

 inputs:

a file w
ith blank lines

a very long file
a long file w

ith lines that are all identical
a file w

ith very long lines
an em

pty file
...

 

•

 

V
ery long lines causes

 

 
u
n
i
q
u
e
 

 

to crash!

 

<fo
r each

 lin
e in

 th
e in

p
u

t> 

  

w
h
i
l
e
 
(
g
e
t
s
(
l
i
n
e
)
)

 

6. Iterate

 

go to step 2, am
end the 

 

sp
ecifi

catio
n

 

:
“O

nly the first 511 characters of a line are significant”

go to step 4 (program
m

ing) and fix the error (use R
C

S
)

go to step 5 (testing) and repeat 

 

all

 

 of the tests

 

iterate

 

 again. 


